Abstract. This paper presents the magnetic cardiac stimulation, more precisely the stimulation with an electric field produced by a time-variable magnetic field. The modeling within this domain has in view the investigation of the induced currents in the body and the characteristics of the defibrillation coil (shape, number of turns, length) and the applied stimulus.
INTRODUCTION
The purpose of this work is to investigate the electric field distribution and the induced currents in a section of the thorax through the time variation of a magnetic field produced by an inductor (coil) surrounding the patient' thorax [1] .
It has been investigated to what extend these currents produce defibrillation, applying the criterion of exceeding the value of the excitability threshold for approximately 75% of the myocardium [2] .
The characteristics of the induced currents are determined by the parameters of the exterior circuit, the defibrillation coil being a part of this circuit.
The values corresponding to the components of external series circuit: R, L, C will be chosen and the problem will be solved, determining the space distribution and the time variation of the induced currents.
Based on the obtained results, the characteristics of the defibrillation coil can be estimated, more precisely the ratio between the coil turn number and its length will be determined.
PROBLEM FORMULATION

A. Physiscal and mathematical model
The electromagnetic field state is a dynamic one and the anatomical structure has predominantly resistive electric properties.
Therefore, the adopted model is that of a linear, piecewise homogenous conductor from the electric point of view, subjected to electromagnetic field diffusion.
The model of massive conductor placed inside an infinite long solenoid has been chosen. The outer circuit consists of a DC source that powers the capacitor C. This discharges on a RL series circuit (taking into account the patient's resistance), producing the excitation current in the defibrillation coil.
For the outer circuit the values has been taken from the literature [3] (R=54.5 m, L=110 H, C=4 mF, U=950 V). This values can be modified later to optimize the cardiac defibrillation using magnetic stimulation.
B. Domain and material properties
The domain has a plane-parallel geometry, represented by a transversal crossection through the assembly consisting of the coil and the thorax of the patient.
The section through the thorax has been divided in eight sub-domains: thorax wall, muscles, bones (ribs and spine), lungs, interstitial fluid, myocardium, atria and ventricles filled with blood, esophagus; the values for the corresponding conductivities have been taken from literature [2] . All these media have been considered to be linear, isotropic (including also the intercostal muscles for which an average conductivity value has been chosen) and homogenous. The dielectric and magnetic properties of the structure are those corresponding to the free space: therefore, the electric permittivity will be  = 0, respectively the magnetic permeability  =  0 2, [4] .
C. Electromagnetic field equations
The general and the material laws, corresponding to the electromagnetic field problem, are 5 :
 local form of the magnetic circuit law:
 local form of the electromagnetic induction law:
 local form of the magnetic flux law
 local form of the electric conduction law (in homogenous conditions):
The defibrillation coil, of circular shape, represents the boundary of the domain, where the field sources are given in the form of the condition:
The initial condition is associated to the quantity to be derived, i.e. B  .
At t = 0, the value of
, so it results that:
The uniqueness of the solution is provided by the equations 1 -7.
In transient state, according to the above equations, the field quantities satisfy a diffusion type equation, written in terms of the magnetic field strength:
or, taking into consideration the magnetic flux law:
Taking into account that the studied problem is bidimensional, then the magnetic field diffusion equation can be written in particular scalar form as follows: 
D. Boundary conditions
On the boundary, represented by the circular coil contour, a Dirichlet type condition has been imposed, giving H along the boundary.
From the magnetic field law, on the discontinuity surfaces, considering the separation surface between the outer and the inner part of the coil, it results:
where:  N = the number of turns of the coil;  i = the current through the coil;  l = the length of the coil.  As previously shown, the initial condition is chosen to be H(0) = 0.
E. Diffusion equation scaling
Because the scaled forms (dimensionless) are more appropriate for the numerical models [5] , the following reference scalar quantities have been introduced:  H 0 (A/m) -the reference magnetic field strength (the maximum value of the impulse will be chosen);  L 0 (m) -the reference length (chosen as the average length of the field line measured at the periphery of the thorax, for the electric stimulation with two electrodes placed on antero-posterior position);
  0 (S/m) -the reference electric conductivity [6] (the equivalent conductivity of the structure). From the electromagnetic field laws, it results:
(according to the constitutive law of magnetic field);
(according to magnetic circuit law);
(according to conduction law).
The scaled field quantities are: 
F. The excitation form
The efficiency of the applied stimulus depends on many factors, among which there are: the shape, the amplitude and the duration of the impulse.
In this study, the following type of the impulse has been studied: aperiodic damped oscillation (resulting from discharging a capacitor on an RL series circuit).
The shapes of the current waves from the RLC series circuit are given by the following expression:
where: U = 950 V -is the capacitor charging voltage and , ,  are:
The 
THE NUMERICAL MODEL
The problem has been numerically solved by using the FEM software MEGA.
The mesh is a mixed one, having both triangular and quadrilateral elements. The nodal unknown associated to the mesh is the magnetic field strength H, its value within an element being an approximated function of its corresponding values from the element nodes.
The mesh contains 3120 nodes and 3268 elements ( Figure  1 ), the corresponding problem being solved using a working station in about two minutes, for a time network of 100 steps.
Since the problem is a diffusion one, a time discretization network has been generated; at each point in time, the software solves a steady state equations system. The boundary conditions are Dirichlet type conditions, the time variable H being given in the mesh nodes placed on the circle represented by the defibrillation coil.
For the scaled model, there are several steps:  obtaining the equivalent conductivity, DC, corresponding to the structure;  considering the magnetic permeability 1;  scaling the coordinates x, y;  computing t 0 .
By introducing the above-mentioned quantities as input data, practically the scaled equation is solved.
To determine the real values of the problem solution, the obtained results will be multiplied by the considered reference values. The same algorithm has been applied for accuracy test performed for the time network, as shown in Table 1 . The 100 steps option has been chosen for a minimal computational effort, without affecting the solution.
The Figures 2 and 3 present the magnetic field strength and the current density spectrum for different time moments. By analyzing the current density corresponding to four chosen moments, one can notice the change of the induced currents direction during the first oscillation period.
The Figure 4 presents the time variation of the induced currents in different regions of the thorax, apex and interstitium. We conclude that the maximum values are obtained for the interstitial fluid while the minimum ones are characteristic to the bone tissues.
Drawing a curve through the superior points (positive peaks) of the graph of the induced current in the heart apex, one can see a similarity with the shape of the impulse variation applied to the electrodes in the case of electric stimulation [7] , the impulse of the type:
where:
I ex =excitation threshold, independent of tissue; T = effective duration of the excitation;  = time constant, tissue dependent.
The first maximum moment for the induced current is t = 1.7x10 -3 s. Considering t 0 = 4x10 -2 , it results t = 6.8x10 -5 s.
For an impulse of B 0 = 0.1 mT, respectively H 0 = 79.617 A/m, the reference value is computed for the other quantities.
The maximum value of the current density from the heart apex is 04 . 5 max  J . ) and at the same time it does not exceed the value corresponding to the occurrence of unwanted side-effects.
At this value, approximately 70% of the myocardium mass is subjected to defibrillation. 
CONCLUSIONS
Analyzing the obtained results (synthesized in Table 2 ), one can notice that, as a consequence of the used impulse, for a good design of the external circuit the defibrillation takes place right from the first moments in the lower areas of the ventricles, rapidly expanding in the other areas of the myocardium. For a damped oscillating impulse, the first maximum of the current induced in the apex is twice the threshold value.
Also, the myocardium mass sufficiently stimulated by the defibrillation current is 70% for this excitation type.
Taking into account the percentage of 75% established for the critical mass by the [1] , [3] , [6] , for a successful defibrillation it is obvious that the damped oscillating impulse is getting considerably close to the validation of this criterion.
On the other hand, a change of the induced current direction is produced, as a consequence of the time variation of its shape.
A possible disadvantage of this type of impulse might be the re-entering in the fibrillation state due to the sufficiently high values of the other maxima or of the first negative one. To avoid this situation, a rapid attenuation of the impulse is suggested, such that the other maximum values not to exceed the threshold value.
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